Mandatory alcohol testing programs for motor carrier drivers were implemented in the United States in 1995 and have not been adequately evaluated. Using data from the Fatality Analysis Reporting System during 1982-2006, the authors assessed the effectiveness of mandatory alcohol testing programs in reducing alcohol involvement in fatal motor carrier crashes. The study sample consisted of 69,295 motor carrier drivers and 83,436 non-motor-carrier drivers who were involved in 66,138 fatal multivehicle crashes. Overall, 2.7% of the motor carrier drivers and 19.4% of the non-motor-carrier drivers had positive blood alcohol concentrations. During the study period, the prevalence of alcohol involvement in fatal crashes decreased by 80% among motor carrier drivers and 41% among nonmotor-carrier drivers. With adjustment for driver age, sex, history of driving while intoxicated, and survival status, implementation of the mandatory alcohol testing programs was found to be associated with a 23% reduced risk of alcohol involvement in fatal crashes by motor carrier drivers (odds ratio ¼ 0.77, 95% confidence interval: 0.62, 0.94). Results from this study indicate that mandatory alcohol testing programs may have contributed to a significant reduction in alcohol involvement in fatal motor carrier crashes.
Cognitive functions, such as divided attention, reaction time, depth perception, information processing, and decision making, are known to be sensitive to the adverse effects of alcohol (1, 2) . Alcohol at doses as low as 0.01-0.04 g/dL can impair driving performance (3) . The risk of being involved in a fatal crash increases exponentially with the driver's blood alcohol concentration (BAC) (4) . Despite intensive interventions, alcohol-impaired driving remains a serious public health problem, claiming about 17,000 lives each year in the United States (5) .
Previous research on alcohol and traffic injury is primarily limited to car drivers. Commercial motor vehicles make up about 4% of police-reported crashes and 12% of traffic fatalities (6) . The role of alcohol in commercial motor vehicle crashes was first recognized in the 1970s. Baker (7) analyzed the toxicologic testing data for 25 fatally injured tractor-trailer drivers and found that 8 (32%) of them had BACs !0.10 g/dL. Subsequent studies indicate that the prevalence of positive BACs in fatally injured commercial truck drivers has decreased progressively in the past 3 decades (7) (8) (9) . The prevalence of alcohol dependence among commercial truck drivers has also declined, from about 10% in the early 1990s to 2% in the 2000s (10, 11) . Random alcohol testing at weighing stations suggests that about 1% of commercial truck drivers have positive BACs (12, 13) .
Prompted by a series of highly publicized alcohol-related transportation incidents, including the 1989 Exxon Valdez oil spill in Alaska, the 1990 conviction of 3 Northwest Airlines pilots, and the 1991 New York City subway derailment, the US Congress enacted the Omnibus Transportation Employee Testing Act of 1991, making alcohol testing mandatory for transportation employees with safetysensitive functions (14) . The mandatory alcohol testing programs are implemented by the operational agencies of the US Department of Transportation under the guidelines codified in 49 CFR Part 40 (''Procedures for Transportation Workplace Drug and Alcohol Testing Program''). These guidelines prescribe the procedural protocols for conducting alcohol tests by covered employers. The rules and procedures for alcohol testing of motor carrier drivers are specified by the Federal Motor Carrier Safety Administration in 49 CFR Part 382 (''Controlled Substances and Alcohol Use and Testing'') (15) . The term ''motor carrier drivers'' refers to operators of commercial motor vehicles with a gross vehicle weight rating of more than 26,000 pounds (11,797 kg) .
Implemented on January 1, 1995, the mandatory alcohol testing programs for motor carrier drivers include preemployment testing, random testing, reasonable suspicion testing, and postaccident testing. Preemployment testing is conducted after a contingent job offer has been made. Random testing requires that randomly sampled employees report to the test site immediately before, during, or immediately after their driving shift. The percentages of motor carrier drivers being tested for alcohol under the random testing program each year were approximately 25% from 1995 to 1997 and 10% from 1998 to 2006. Motor carrier drivers with BACs !0.04 g/dL (i.e., the legal limit) are suspended immediately. Those who register a BAC of 0.02-0.03 g/dL are removed from duty for 24 hours. Reasonable suspicion testing allows employers to require a covered employee to submit to alcohol testing if the employee's appearance, behavior, speech, or breath/body odor shows signs of being under the influence of alcohol. In the case of an accident, all involved drivers are required to submit to an alcohol test within 2 hours (15) . Alcohol tests under the mandatory testing programs are conducted by certified technicians using devices (primarily evidential breath testing devices) approved by the National Highway Traffic Safety Administration. Each year, approximately 500,000 alcohol tests are performed on motor carrier drivers (16) .
The mandatory alcohol testing programs for transportation employees with safety-sensitive functions represent a major policy intervention. This policy is controversial, however. In addition to legal and ethical concerns, there is little information about its safety benefit (17, 18) . The present study aimed to test the hypothesis that implementation of the mandatory alcohol testing programs in 1995 is associated with a significantly decreased risk of alcohol involvement in fatal motor carrier crashes.
MATERIALS AND METHODS

Data source
Data for this study were derived from the Fatality Analysis Reporting System (FARS) for the years 1982-2006. Sponsored by the National Highway Traffic Safety Administration, FARS is a census of fatal traffic crashes occurring within the United States. To be included in FARS, a crash must involve a motor vehicle traveling on a public road that results in a fatality within 30 days of the crash. FARS contains detailed data on the circumstances, vehicles, and people involved in the crash, collected through standard forms, protocols, and quality control procedures (19, 20 
Study design
A quasi-experimental design was used to assess the association between implementation of the mandatory alcohol testing programs and the risk of alcohol involvement in fatal crashes by motor carrier drivers. The study period covered 13 years preimplementation (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) ) and 12 years postimplementation (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . While the annual sequential observational data during the study period formed the basic tenet of a time series, drivers included in this study constituted a dynamic cohort, which consisted of 2 subcohorts (i.e., motor carrier drivers and non-motor-carrier drivers) matched on tempo-spatial variables (21) .
Alcohol information
Driver alcohol involvement in a given crash was defined by a BAC !0.01 g/dL. BAC information was available for only 40% of the study sample. Although drivers with and without BAC information were similar regarding demographic characteristics and crash circumstances, those not tested for alcohol were significantly more likely than those tested to have survived the crash (22) . To address the missing data issue, the National Highway Traffic Safety Administration has developed a multiple imputation algorithm that provides statistically robust estimates for missing BAC values. The multiple imputation algorithm generates 10 estimated BAC values for each driver with missing BAC data. Variation in the 10 imputed BAC values accounts for uncertainty in the estimation of missing BAC values and enables proper estimation of variances, standard deviations, and confidence intervals (23) (24) (25) (26) .
The multiply imputed BAC values are created by first constructing a statistical model for each vehicle class. In the stepwise log-linear regression model for a given vehicle class, dichotomous BAC values (0 vs. >0) are predicted by using the following categorical variables: police-reported alcohol involvement, age, sex, use of a seat belt or helmet, injury severity, license status, indicator of prior traffic convictions, day of the week, time of day, vehicle role (striking/ struck vehicle), and an indicator of whether the crash occurred on the roadway or shoulder. If the missing BAC value is predicted to be greater than 0, then a linear regression model is created to provide a quantitative estimate of the missing BAC value. Box-Cox transformations are used to transform the log of BAC level, and stepwise linear regression is used to determine whether the covariates evaluated for inclusion in the log-linear model would be included in the linear regression model. Finally, multiple imputation estimates are created by using a general location model. The imputation is simulated 10 times, and imputed values are transformed back to the BAC scale (22) (23) (24) (25) (26) . Use of the multiple imputation data in this study followed the guidelines recommended by Klebanoff and Cole (27) .
Statistical analysis
The following logistic regression model (9) was constructed to assess the effectiveness of mandatory alcohol testing programs in reducing the risk of alcohol involvement in fatal crashes by motor carrier drivers:
where p is the probability of BAC !0.01 g/dL for the driver involved in a fatal crash, driver type is an indicator of whether the driver was operating a motor carrier (1 for motor carrier drivers, 0 for other drivers), mandatory alcohol testing is an indicator of whether the fatal crash occurred before or after implementation of mandatory alcohol testing programs (0 for 1982-1994, 1 for 1995-2006), and X represents a vector of covariates to control for possible confounders, including driver age, sex, history of driving while intoxicated (DWI), and survival status. DWI history refers to whether the driver had any recorded DWI conviction during the 3 years preceding the crash, and survival status refers to whether the driver died because of injury within 30 days of the crash. In the aforementioned model, b 0 is the intercept; b 1 is the logarithm of the relative odds of alcohol involvement by motor carrier drivers versus non-motor-carrier drivers before implementation of the mandatory alcohol testing programs (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) ; b 2 is the logarithm of the relative odds of alcohol involvement by non-motor-carrier drivers after versus before implementation of the mandatory alcohol testing programs; b 1 þ b 3 is the logarithm of the relative odds of alcohol involvement by motor carrier drivers versus nonmotor-carrier drivers after implementation of the mandatory alcohol testing programs (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) ; and b 2 þ b 3 is the logarithm of the relative odds of alcohol involvement by motor carrier drivers after versus before implementation of the mandatory alcohol testing program. The regression coefficient for the interaction term, b 3 , is numerically the linear contrast of (b 2 þ b 3 ) À b 2 and thus can be interpreted as the net effect of mandatory alcohol testing programs on the risk of alcohol involvement by motor carrier drivers. B represents the vector of regression coefficients for X.
To assess the robustness of the estimated effect of mandatory alcohol testing programs on alcohol involvement in fatal crashes by motor carrier drivers, we compared the results from the multivariate logistic model based on multiply imputed BAC data with those based on actual BAC testing data. Separate models were also fitted by using data stratified by driver age, sex, or time of crash. Data analyses were performed by using Statistical Analysis Software, version 9.1.3 (SAS Institute, Inc., Cary, North Carolina).
RESULTS
The study sample accounted for 79% of all fatal motor carrier crashes and 78% of all motor carrier drivers involved in fatal crashes during 1982-2006. Motor carrier drivers included in the analysis (n ¼ 69,295) and those excluded (n ¼ 19,288) were similar regarding age and sex, prevalence of positive DWI history, and year of crash, but they differed substantially in BACs and survival status. Specifically, motor carrier drivers excluded from the analysis were more likely than those included to be involved in crashes occurring at night, have positive BACs, and be fatally injured.
Driver characteristics differed markedly between motor carrier drivers and other drivers in the study sample ( Table 1) . The overwhelming majority of motor carrier drivers were adults aged 25-64 years, were male, had no DWI history, and survived the crash. Compared with motor carrier drivers, other drivers in the study sample were more likely to be aged <25 or !65 years, be female, have a positive DWI history, be alcohol positive, and have died from the crash ( Table 1 ). The prevalence of alcohol involvement among other drivers was substantially higher than among motor carrier drivers throughout the study period (Figure 1 ). Between 1982 and 2006, the prevalence of alcohol involvement in fatal crashes declined by 80% for motor carrier drivers and 41% for other drivers ( Figure 1) . As a result of the study design, the 2 groups of drivers were closely matched on crash circumstances (Table 2) .
Multivariate logistic regression modeling based on multiply imputed BAC data revealed that implementation of mandatory alcohol testing programs was associated with a 23% reduction (adjusted odds ratio ¼ 0.77, 95% confidence interval: 0.62, 0.94) in alcohol involvement by motor carrier drivers. Specifically, the estimated odds ratios of alcohol involvement by motor carrier drivers versus other drivers were 0.21 and 0.16 for the pre-and postimplementation periods, respectively; compared with those for the preimplementation period, the odds of alcohol involvement after implementation of the mandatory alcohol testing programs were reduced by 48% (adjusted odds ratio ¼ 0.52, 95% confidence interval: 0.43, 0.64) for motor carrier drivers and 32% (adjusted odds ratio ¼ 0.68, 95% confidence interval: 0.65, 0.71) for other drivers. Significantly heightened risk of alcohol involvement was also found for drivers who were 25-34 years of age, were male, had a positive DWI history, or were fatally injured (Table 3 ). When the model was fitted by using actual alcohol testing data, the estimated effect of the mandatory alcohol testing programs on alcohol involvement by motor carrier drivers was modestly greater than the estimate based on multiply imputed data (adjusted odds ratio ¼ 0.69, 95% confidence interval: 0.58, 0.82; Table 3 ).
The estimated effect of the mandatory alcohol testing programs on alcohol involvement by motor carrier drivers remained fairly stable when the analysis was performed by using multiply imputed BAC data stratified by driver age, sex, or time of crash (Table 4) . For instance, implementation of the mandatory alcohol testing programs was associated with a 24% reduction in the risk of alcohol involvement by motor carrier drivers in daytime fatal crashes (adjusted odds ratio ¼ 0.76, 95% confidence interval: 0.59, 0.96) and a 26% reduction in nighttime fatal crashes (adjusted odds ratio ¼ 0.74, 95% confidence interval: 0.58, 0.94). Including in the analysis the 19,288 drivers involved in singlevehicle motor carrier crashes or crashes involving more than one motor carrier but no other vehicle attenuated the estimated effect size slightly (adjusted odds ratio ¼ 0.79, 95% confidence interval: 0.68, 0.91).
DISCUSSION
The results of this study indicate that implementation of the mandatory alcohol testing programs in 1995 is associated with a 23% reduction in alcohol involvement in fatal crashes by motor carrier drivers. The estimated safety benefit of the mandatory alcohol testing programs is consistent across age groups and between sexes. Moreover, implementation of these programs has reduced alcohol involvement by motor carrier drivers in daytime and nighttime fatal crashes to a similar degree.
Evidence for the effectiveness of the mandatory alcohol testing programs in reducing alcohol-related crashes is strengthened by the study design and statistical approach. Controlling for confounding factors, particularly unmeasured confounders, is a serious limitation inherent to all observational studies. This study took advantage of data on multivehicle crashes, in which motor carrier drivers were matched with the comparison drivers on tempo-spatial variables both measured (e.g., year, month, day of the week, time of day of the crash, geographic region, US state, location, road conditions, weather conditions) and unmeasured (e.g., socioeconomic environment, regulatory changes other than the mandatory alcohol testing program, and variations in law enforcement). The study design made it possible to substantially reduce the effect of confounding factors. Inclusion of the interaction term between driver type and presence/absence of the intervention in the statistical model enabled us to construct a series of linear contrasts based on the regression coefficients and to interpret the results from the logistic regression models with clarity.
Matching on tempo-spatial variables in multivehicle crash data provides considerable advantages for bias control. This feature is especially appealing in studies of fatal motor carrier crashes because 79% of these crashes are collisions between motor carriers and other vehicles. Although only 19% of fatal motor carrier crashes involved a single vehicle, they accounted for 66% of motor carrier driver fatalities. The estimated effect of mandatory alcohol testing programs on alcohol involvement in fatal crashes by motor carrier drivers appears to be robust. Including single-vehicle crashes and multi-motor-carrier crashes in the analysis attenuated the estimated effect size from À23% to À21%. Snowden et al. (9) analyzed FARS data from 1988 to 2003 for large-truck drivers and all light-passenger-vehicle drivers and found that implementation of the mandatory alcohol testing programs was associated with a 15% reduction in the risk of alcohol involvement in fatal crashes by large-truck drivers. The modest difference in the estimated effect size between the Snowden et al. report and the present study is likely due in part to the different study designs. Whereas matching on tempo-spatial variables should enhance internal validity of our study results, the time-series approach by Snowden et al. might have the benefit of greater generalizability. Our analysis also indicates that drivers who are 25-34 years of age, are male, or have a positive DWI history are at a significantly increased risk of alcohol involvement in fatal crashes. This finding, which is consistent with previous research in other driver population groups (28) , may help target high-risk motor carrier drivers for interventions to further reduce alcohol-related crashes.
Our study has several limitations. First, our analysis relied largely on multiply imputed alcohol data because alcohol testing was performed on only 40% of the study subjects. Although multiple imputation is superior to many other missing data methods (25) and appears to mitigate information bias due to missing data, imputed BACs cannot completely substitute for actual alcohol testing results.
Second, this study did not account for other regulatory changes and interventions that might have differentially affected the likelihood of alcohol involvement in fatal crashes by motor carrier drivers and other drivers. Although the study design may have controlled for tempo-spatial variables with nondifferential effects on motor carrier drivers and other drivers, policy changes specifically targeted at 1 of the 2 groups may still threaten validity of the study results. For instance, after 1995, many states lowered the legal alcohol limit for operating a motor vehicle from 0.10 g/dL to 0.08 g/dL. This change in alcohol policy, however, should have far less impact on motor carrier drivers than on other drivers because the legal alcohol limit for motor carrier drivers has remained at 0.04 g/dL since implementation of the mandatory alcohol testing program in 1995.
Finally, our outcome variable, alcohol involvement in fatal crashes, does not directly measure the risk of alcoholrelated fatal crashes. Although national statistics indicate that rates of fatal crashes involving large trucks decreased considerably during the study period (29) , it is unwise to interpret the estimated reduction in alcohol involvement in fatal crashes by motor carrier drivers as a reduction in alcohol-related crashes. Moreover, this study was limited to fatal crashes. Further research is warranted to determine the effectiveness of the mandatory alcohol testing program for motor carrier drivers in reducing alcohol involvement in nonfatal crashes. Despite these limitations, this study provides compelling evidence that implementation of the mandatory alcohol testing programs has significantly reduced alcohol involvement in fatal motor carrier crashes. Mandatory alcohol testing programs for employees with safety-sensitive functions have been challenged in courts of law by employers on the basis of unnecessary costs and by unions on the grounds of unreasonable search in violation of the Fourth Amendment (17) . Free cross-border trade by motor carriers, a major objective of the North America Free Trade Agreement, has been hindered because of safety concerns. Among the differences in regulations for motor carriers is mandatory alcohol testing, which is required of drivers in the United States but not in Canada and Mexico. Whether Canada and Mexico should adopt the mandatory alcohol testing policy for motor carrier drivers remains an outstanding issue under trilateral negotiation. Results of our study should be valuable in advancing the discourse on mandatory alcohol testing programs.
